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Abstract 
Downhole measurements of spontaneous potentials (SP) during the production phase have shown to be an effective tool 
in monitoring water encroachment on production wells.  Injection of colder brine into a reservoir containing a warmer, more 
saline electrolyte may generate SP anomalies as a result of electrokinetic (EK), thermoelectric (TE) and/or electrochemical 
(EC) effects.  Recent studies have shown that it may be possible to detect a water front while it is still tens to hundreds of 
meters from the wellbore.  In this study, in-house developed software was used to simulate SP signals generated during 
production in a realistic production scenario. Production was simulated from multi-layer reservoir which has all its layers 
intersected by a single vertical production well. Pressure support was performed through a single injection well, which injected 
colder, less saline, brine into an aquifer. The water front was monitored as it moved towards the wellbore, and the magnitude of 
the SP response was determined as the water front approached the wellbore.  The reservoir salinity, production rate and 
permeability were then varied to determine how these parameters affect the individual components of the SP signal. 
It was found that, in the majority of scenarios, the magnitude of the SP signal can be in the region of tens of millivolts, 
decaying with distance ahead of the water front.  This allows the water front to be detected while still hundreds of meters away 
from the wellbore. In situations where the injection brine is injected directly into the aquifer a lag exists between the saturation 
front and the salinity front.  This lag can cause the signal generated by the salinity gradient to only be detectable after water 
breakthrough has occurred.  Sensitivity analysis shows that in this scenario, a low permeability reservoir consisting of less 
saline brine produced at a high rate could produce EK signals large enough to be detected above background noise. 
 The results put forward suggest that SP signals generated by water flooding, could be used to form the basis of a pro-
active inflow control strategy, allowing control actions to be take while the water front is still tens of meters from the wellbore.  
This type of control method could offer enormous economic and environmental benefits, especially in fields where workover 
and/or intervention work is costly. 
 
Introduction 
The use of spontaneous potential (SP) logs to characterise permeable zones during the drilling phase is common practice within 
the oil and gas industry. The potentials measured during this process are electrochemical (EC) in origin, and arise primarily 
from the transfer of ions from a more concentrated electrolyte (usually the un-invaded zone formation water) to a less 
concentrated electrolyte (usually the mud in the borehole) through a semi-permeable membrane (e.g. a sand-shale contact).  
This is commonly referred to as the “liquid junction” potential.  A second source of EC arises from the layered structure of fine 
grained beds, such as shales or mudstones.  These layers are permeable to cations but are impermeable to anions, and so when 
a more concentrated electrolyte invades the zone, cations move across the concentration gradient leading to charge spearation. 
This is commonly referred to as the “membrane” potential (Ortiz et al. 1973). 
The EC components generally dominate the SP log, however it was found that electrokinetic (EK), or streaming 
potentials, could also be produced across the mud filter cake (Wylie 1951).    The magnitude of this potential is influenced by 
the salinity of the formation brine and the rate of flow across the filter cake.  This potential is significant during the initial 
stages of drilling, and diminishes as the mudcake is formed and permeability is reduced causing it to isolate the formation from 
the wellbore. 
Although the SP log is generally taken during the drilling stage, these potentials still exist during the production/injection 
phase, and in the case of water flooding or steam injection, a thermoelectric (TE) potential is also generated (Dorfman et al.  
1977).  Dorfmans experiments showed that when cores containing brine and hydrocarbons were heated, a current was 
generated and further work showed the possibility of monitoring the progress of a temperature front from surface (Gulamali et 
al.  2011). 
Despite this previous work, there was very little interest in using SP to monitor fluid flow until  Wurmstich and Morgan 
(1994), using numerical modelling techniques, showed that EK signals would be generated during the production phase. 
However they concluded that the potentials produced during oil production may be too small to be resolved above background 
noise.  Further work (Saunders et al.  2008; Jaafar et al.  2010) has shown that the EK potentials produced during production 
could in fact be resolved above background noise in a variety of production and reservoir scenarios. By using permanently 
Imperial College 
London 
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installed downhole electrodes located at the production well to monitor the SP signals produced, a water front could be 
detected between tens and hundreds of meters away from a wellbore. 
Up until this point the majority of work done in the area of SP monitoring centred on EK potentials. Gulamali et al.  
(2011) and Jackson et al. (2012) showed that as well as EK potentials, EC and TE potentials also had relative contributions to 
the overall SP signal.   
Generally, numerical modelling of SP has been performed on a model described by Wurmstich and Morgan (1994). This 
is a synthetic model which does not convey the complexities that are found in ‘real-life’ reservoirs. Although some work has 
been performed to look into the effects of geological heterogeneities (Saunders et al. 2008; Jackson et al. 2012), these studies 
are still relatively simplistic scenarios. Furthermore, the method used in these papers to determine the SP response uses finite 
element modelling, and although not reported in these papers, this method is very time consuming due to the conversion of the 
hydrodynamic results into the finite element model.  
Currently there have been many studies into optimization of inflow control strategies.  Generally these strategies are 
based around a reactive approach (E.g. Jansen et al. 2009; Dilib and Jackson, 2012) or assume a detailed understanding of a 
fields geology and petro-physics (Brouwer et al. 2001).  What this paper sets out to determine, is whether it would be feasible 
to develop a pro-active control system based around SP measurements at the wellbore.  Theoretically, this approach would 
allow a water front in a specific zone to be controlled. 
The objectives of this paper are therefore two-fold.  Firstly, to put forward a new method of determining the SP signature 
from a sandstone reservoir under waterflood which can be easily implemented by any practicing reservoir engineer, and 
secondly to apply this method to an existing reservoir in an attempt to determine whether it would be possible to use the SP 
signals produced as triggers for a pro-active control system. 
 
Origin of the spontaneous potential 
SP acts to maintain overall electroneutrality when a separation of charge occurs in response to pressure, salinity or temperature 
gradients (Jackson et al.  2012). These gradients generate electrokinetic (EK), electrochemical (EC) and thermoelectric (TE) 
potentials respectively. 
Electrokinetic phenomena are the result of an electrical double layer which exists at the mineral surface in water-wet 
reservoirs.  The mineral surface of Silica is naturally negatively charged, due to the point of zero charge of silica being around 
a pH of 2-3.  The negatively charged surface attracts positive counter-ions from the pore fluid, which forms the Stern layer.  
The charges within these interfaces are immobile, however within the fluid adjacent to the Stern layer there is an excess of ions 
which are partially mobile called the Gouy-Chapman layer.  Away from this layer the amount of excess counter-ions decreases, 
until the fluid has zero charge.  This point is referred to as the free electrolyte. If a pressure gradient exists, the resultant flow of 
fluid, tangential to the Stern layer, causes some of the 
mobile positive ions to be transported in the direction of 
fluid flow (Hunter 1981).  To maintain overall 
electroneutrality, a conduction current is established 
which gives rise to an electrokinetic potential. 
Previous work done shows that the EK signal 
reaches a peak at the water front and decays slowly with 
distance (Fig 1c).  As the water front moves through the 
reservoir this leading edge starts to encompass the 
wellbore (Gulamali et al.  2011). This allows the water 
front to be detected tens to hundreds of meters away from 
the wellbore. 
EC potentials arise due to the difference in 
mobilities between ionic species within the electrolyte. 
Considering the situation at the saturation end-points, at 
residual oil saturation (Sw=Sor) the mineral surface acts 
like an uncharged porous media. In this case the resultant 
EC diffusion potential arises purely from the differences 
in mobility between the ionic species (Ortiz et al.  1973). 
At irreducible water saturation (Sw=Swirr), the presence of 
an electrical double layer leads to some of the negative 
ions of the electrolyte being excluded from the pore 
space. This gives rise to an EC membrane potential as the 
positive charge migrates down the concentration gradient 
(Jackson et al.  2012). 
The relative contribution of these two EC 
potentials to the overall EC potential is dependent on the 
water saturation.  Ahead of the water front, where Sw = 
Swirr, the porous media acts as a membrane.  Whereas 
Fig 1—Numerical results from Wurmstich and Morgan model. 
(a) waterfront position after 231 days of production (b) water 
front after 463 days of production (c) 1-D profile taken along 
the middle of the zone. EK potential against distance from 
production well at 5 different time steps (Cf = 0.1molL
-1
) 
(Saunders et al.  2006) 
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behind the front, where Sw = 1-Sor, the porous media acts like an uncharged porous media.  The total EC response changes 
between these two endpoints which we will look at later in this paper.   
The TE potential has a similar origin to that of the EC potential.  The changes in temperature affect the mobility of 
different ionic species.  This difference in mobility causes charge separation, which is countered by the TE potential (Revil, 
1999).  Although the TE potentials generated could be the largest contributor to the overall SP signal, very little work has been 
done to investigate its effects with respect to water injection in hydrocarbon reservoirs.  However, in terms of water injection, 
typically colder brine is injected, and as has been noted in previous work (Gulamali et al.  2011, Jackson et al. 2012), the lag 
caused by the specific heat capacity of the reservoir rock means that the TE potential is not detectable until after water 
breakthrough has occurred. 
 
Methodology 
The method used to resolve the SP signal consists of two main steps.  A reservoir simulation is run to determine the 
hydrodynamic properties of the model.  Then, a SP simulation is run, using the results from the initial reservoir simulation, to 
solve for the SP response.  To avoid confusion, the initial simulation will be referred to as the hydrodynamic model, and the SP 
simulation as the SP model. 
 
Hydrodynamic Model 
The reservoir segment is based on a current Gulf of Mexico field. The field itself is produced using a line drive configuration; 
the model used here is one injector-producer pairing of a larger field.  The dipping sandstone reservoir measures 2,000m x 
1,000m and has a dip angle of ~10 degrees.  The reservoir is broken up into three separate zones, each 20m in thickness, and 
separated by 50m of shale as well as being bound by 100m thick shale layers above and below (Fig. 2a). The grid used is a  
 
a)           b) 
 
 
 
 
Initial OWC – 2,950mTVD
1km
Zone A
Zone B
Zone C
Injection 
Well
Production 
Well
Channel margin
Channel axis
Injection 
Well
Production 
Well
Zone A
Zone B
Zone C
Fig 2—The Numerical Reservoir Model. a) Cross-sectional view through the reservoir.  The reservoir consists of 3 layers with 
electrically conductive, but impermeable shale zones in-between. The oil-water contact is shown at 2,950mTVD.  b) View of the 
channel network in each zone, with the position of the injection and production wells with respect to the channel margins. 
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simple Cartesian grid, which has been locally refined around the 
wellbore.  Whereas at the reservoir edges the cellblocks are 
63.75min length, at the production well this has been reduced to 
3.19m  This refinement allows us to look at a water front in fine 
detail around the wellbore, as opposed to larger grid cell size 
would be closer to 25-50m, and would give very little spatial 
resolution. 
The shale layers are water saturated, although the water is immobile, and it is assumed to consist of the same salinity 
brine as the reservoir, thus making the shale electrically conductive.  We set the permeability of the shale layers equal to zero 
in the hydrodynamic model, as they do not contribute to flow.  Each zone consists of a geometrically different turbidite channel 
system (Fig. 2b), causing water breakthrough to occur at different times in each zone.  During production, treated seawater is 
injected into an aquifer located down-dip of the production well, with an oil-water contact situated at 2,950mTVD. 
A base case is simulated where oil is produced at 3,200 Sm
3
/day and brine is injected into the reservoir at the same rate, 
with an injection bottom-hole temperature of 20
o
C and a salinity of 0.445 mol L
-1
 (which is representative of seawater which 
has been treated to remove any sulphates present). In the lowest most zone (Zone C) we inject directly into the aquifer, which 
consists of the same salinity brine as the irreducible water (2.13molL
-1
), whereas in zones A and B brine is injected above the 
oil-water-contact and so the water front originates from the wellbore. 
  The rock and fluid properties are summarised in Table 1.  Each zone of the reservoir consists of a separate channel 
system, in which the channel axis has a sandstone permeability of 600md with a net-to-gross of 0.8 and the channel margin has 
a sandstone permeability of 150md with a net-to-gross of 0.2.   
 
 
Table 1—Rock and fluid properties 
Property (unit) Rock Oil Water 
Viscosity (cP) - 0.6 1 
Density (kgm
-3
) 2100 1000 1000 
Compressibility (bar
-1
) 1.16 × 10
-4
 1.6 × 10
-4
 5 × 10
-5
 
Specific heat capacity (J kg
-1
 °K
-1
) 900 2200 4200 
Formation (initial) salinity (M)* - - 0.44 – 2.3  
Injection salinity (M) - - 0.44 (Approx. seawater) 
Formation (initial) temperature (°C) 88 88 88 
Injection temperature (°C) - - 20 
Porosity 0.28 - - 
Permeability (mD)* 125 – 600 - - 
NTG 0.2 – 0.8 (0.5 average) - - 
Irreducible water saturation 0.15 - - 
Residual oil saturation 0.15 - - 
End-point water relative permeability 0.32 - - 
End-point oil relative permeability 1 - - 
* Where a range is shown, the values are varied in a simple sensitivity analysis 
Table 2—Reservoir properties 
Property (unit)  
Reservoir pressure (bar) 300 
Production rate (Sm
3
/day)* 1,200-5,600 
Maximum allowable drawdown (bar) 100 
Formation fracture pressure (bar) 430 
OWC (m) 2,950 
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Fig 3—Production profile of the reservoir showing oil production rate, water production rate and 
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a) 
 
b) 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4—Numerical simulation showing water location in all 3 zones a) Water location at water breakthough in zone C.  b) Water location 
at water breakthough in zone A.  b) Water location at water breakthough in zone B 
 
The hydrodynamic model is solved using ECLIPSE 100 reservoir simulator.  This 3-D reservoir simulation is widely 
used in the industry, and is able to solve implicitly for phase potentials, saturations, salinities and temperatures given the 
properties of the fluids and medium. ECLIPSE 100 solves Darcys law (Eq. 1) to determine the various parameters at each 
timestep.   In order to obey the law of conservation of mass we solve Eq. 1 for        , where Q donates any sink or source.   
 
     
   
  
( [       ]) .................................................................................................................................... (1) 
 
where x denote either the wetting phase or the non-wetting phase. 
Fig. 3 shows the oil and water production rates as well as the cumulative oil production for the period of investigation.  
Oil production is maintained up to 850 days of production, based on the production criteria set out in Table 2.  At this point 
water breakthrough occurs in zone C. As can be seen from Fig. 4a, the aquifer in Zone C is within 700m of the production well 
and so breakthrough is expected to occur in zone C first.  However, Fig. 4b shows that the water front in zone A is ahead of the 
front in zone B, and it is expected that this is the second zone in which water breakthrough occurs.  Indeed this is the case and 
Fig 3 shows that breakthrough occurs in zone B after 1,300 days of production.  This would be counter intuitive, as it would be 
expected that breakthrough would occur from the lowest zone upwards.  In this case we see that the channel geometry means 
that the water front moves faster in zone A than zone B.  
 
SP Model 
 To determine the SP at each point in the reservoir we use a variation of ohms law as shown in Eq. 2. Similarly to Eq. 1, 
we solve Eq. 2 for      , implying that no charge is created or destroyed (Jackson et al. 2012). 
 
              (       )                 .......................................................................................... (2) 
 
 Examining Eq.1 and Eq. 2, some similarities can be seen between the 2 equations. The cross-coupling terms seen in Eq. 2 
are analogous to the sink/source term in Eq. 1, and the remaining terms of Darcy’s law are analogous to the Ohms law terms, 
when Sw = 1(Fig 5).  The methodology we employ, utilizes the analogous nature of the two equations to generate a reservoir 
simulation data set, in which we have substituted the hydrodynamic components in Darcy’s law for the SP components from 
Ohms law. 
 
 
 
Fig 5—The analogous nature of Ohms law and Darcy’s law 
 0   0.1 0.2  0.3  0.4  0.5 0.6 0.7  0.8  0.9  1 
Water Saturation 
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To determine the values of the cross coupling terms and the electrical conductivities in Eq.2 we follow the approach set 
out by Gulamali et al. (2011).  We begin by determining the electrical conductivity of the partially saturated porous medium; 
this is calculated using Archie’s law (Telford et al. 1990): 
 
      
     
   ..................................................................................................................................................... (3) 
 
We set m=1.8 and n=2, which is a reasonable assumption for shallow, water-wet, consolidated sandstone reservoirs. 
To obtain the electrical conductivity of the brine we use work done by Worthington et al.  (1990), who suggested that the 
relationship between brine salinity and its conductivity is given by: 
 
                        (       ) 
             (       )
  ............................................................................................................... (4) 
             (       )
   
             (       )
  
 
where    is in MolL
-1
 and brine conductivity is in Sm
-1
 
The coupling terms in Eq. 1 are defined in terms of coupling coefficients. 
 
         .............................................................................................................................................................. (5) 
 
where x denotes the subscripts EK, EC, TE. 
The coupling coefficients are factors which are highly dependent on brine salinity and temperature, and is a key 
petrophysical property that relates water potential, salinity and temperature gradients to their corresponding component of the  
total SP signal.  We begin by identifying the coefficient at each end-point (Sw=1-Sor and Sw=Swirr), and then go on to determine 
their value at each intermediate saturation point. 
Ahead of the water front (Sw=Swirr), CEK is zero in water-wet sandstones where we assume that the oil is non-polar 
(Jackson et al. 2012), whereas behind the front (Sw=1-Sor) the value of CEK is similar to that at Sw=1.  Experimental data, which 
has not been repeated here, shows that the relationship between CEK and salinity can be modeled using Eq. 7 (Vinogradov et al. 
2010; Jackson et al. 2011) 
    (        )    ............................................................................................................................................. (6) 
 
    (        )      (    )           
    
        m . a-  ............................................................ (7) 
 
where Cf is expressed in molL
-1
 
We see from Eq. 7 the CEK has an inverse relationship to the brine salinity at the water front. The lower the formation 
brine salinity, the more dominant the EK effect is to the overall SP response. 
For EC and TE coupling coefficients we follow the approach of Ortiz et al. (1973), who suggested that at irreducible 
water saturation (Sw=Swirr) the pores are filled with oil which sandwiches the charged brine between the oil and the  reservoir 
rock, thus acting like an perfect membrane. Conversely, at irreducible oil saturation (Sw=1-Sor), the electrical double layer is 
small compared to the pore size (Jackson et al, 2012), and so the reservoir rock acts more like an uncharged porous media. The 
expressions for CEC and CTE (Revil 1999; Leinov et al.  2010; Jackson et al.  2012) are shown below at each end-point. 
 
    (        )          
   
  
 m . -  ...................................................................................................... (8) 
    (        )          
  (      ) 
  
 m . -  ...................................................................................... (9) 
 
Where tNA is the Hittorf transport number for sodium ions given by: 
 
    {
              
                   (       )         
 ................................................................................. (10) 
 
    (        )           
  (       )          
   m . -  .............................................................. (11) 
 
    (        )           
  (      )(       ) 
                  
   m . -  ................................................................................. (12) 
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Comparing Eqs. 8 and 9 to Eqs. 11 and 12, we can see that due to the magnitude of the associated constants, CTE will 
always be larger than CEC for a given temperature and salinity, highlighting that the TE response has the potential to be the 
largest component of the SP signal. 
To determine the coupling coefficient at each intermediate point we use the same method used by Jackson et al (2012), 
and define a saturation dependent relative coupling coefficient. 
 
    
  (  )   (        )
  (        )   (        )
 ............................................................................................................................. (13) 
 
where CrEK, CrEC and CrTE are defined in terms of normalized water saturation: 
 
        
    ............................................................................................................................................................. (14) 
 
        
  ............................................................................................................................................................. (15) 
 
        
  ............................................................................................................................................................. (16) 
 
Where: 
     
        
           
 ................................................................................................................................................... (17) 
 
These relationships between Swn and its relative coupling coefficient are derived from previous laboratory studies (Jackson et 
al.  2012). 
In order to solve Ohms law (Eq. 2), we use the values 
of water saturation, water potential, salinity and 
temperature obtained from ECLIPSE 100 simulation of the 
hydrodynamic model, and an in-house code that has been 
carefully benchmarked against previous studies (Gulamali 
et al.  2011; Jackson et al. 2012). This code creates nes 
ECLIPSE data files that contain all the necessary data to 
solve Ohm’s law.  A second ECLI SE simulation is run 
with the new data file to solve Ohm’s law.  This differs 
from previous studies where finite element software is used 
to solve Ohm’s law.   The high-level procedure for coupling 
the SP model to the ECLIPSE 100 simulator is illustrated in 
Fig 6. 
The simulation data is not modified in any way, apart 
from in the shale layers. Whereas in the hydrodynamic 
model the shale layers do not contribute to the simulation, 
in the SP model the shale layers act to conduct current 
away. Porosity and water saturation, therefore, is modified 
in the shale layers, to give an electrical conductivity of 0.5 
Sm
-1
, which is representative of highly conductive shale 
(Saunders et al. 2008).  We set the permeability of each 
grid cell equal to the electrical conductivities calculated using eq. 3.  The individual current sources are then calculated using 
eq. 5 and inserted into the model in the form of a phase sink/source in each cell.  To avoid the use of unnecessary 
computational power, a minimum criteria is set for the current source in each cell, below which the current is assumed to be 
negligible. This reduces the numbers of wells inserted into the model.  We assume there are no external current sources or 
sinks and set     at all boundaries.  The simulation is then 
run until a steady state solution is reached.  
As the simulator is based around a hydrodynamic 
problem the input data is, to an extent, constrained to values that are physically feasible e.g. min BHP. This requires the 
calculated potentials to be normalized against a reference node.  Ideally this would be a point an infinite distance from the 
water front, and so completely unaffected by the induced currents.  Here we are constrained to the dimensions of the 3-D 
model, and so we choose a point in the sandstone interval furthest away from the front, so to choose a reference node that is 
unaffected by any potentials that have been generated. 
 
Results  
Figs. 7a and 7b shows 1-D profiles of the SP response for zones A and C of the reservoir passing through the wellbore.  These 
potentials are measures at the depth in each zone where the largest potentials are generated. Zone B offers similar results to 
zone A and so is not shown. We examine each separate SP response at five time steps, each representing the water front  
Fig 6—High-level flowchart for coupling the SP model to the 
Hydrodynamic model 
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Fig 7—Numerical results from zones A and C. (a) Panels show (from top to bottom) brine saturation, water potential, 
temperature, salinity, and EK, TE and EC potential, as a function of distance from production well along a 1-D profile through the 
bottom of zone A. (b) Panels show (from top to bottom) brine saturation, water potential, temperature, salinity, and EK, TE and 
EC potential, as a function of distance from production well along a 1-D profile through the bottom of zone C c) Semi-log plot of 
magnitude of change of total SP as a function of time until breakthrough in zone A. 0.1mV is taken to be the minimum resolvable 
signal and is represented by the dashed line. d) Semi-log plot of magnitude of change of total SP as a function of time until 
breakthrough in zone A. 0.1mV is taken to be the minimum resolvable signal and is represented by the dashed line. 
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encroaching ~25m towards the wellbore.  We assume a minimum resolvable signal of 0.1mV.  This value is was originally put 
forward by Chen et al.  (2006) as the minimum value that could be resolved based on data collected from wells fitted with 
downhole resistivity arrays in a Mansfield sandstone reservoir in Indiana.  This value reaffirmed with analysis performed by 
Jackson et al. (2012), with data from wellbores currently with electrodes installed. 
A shock-dominated water front exists with a sharp change in water saturation at the shock front. Ahead of this front the 
oil flows in the presence of irreducible water, and behind water flows in the presence of residual oil. A similar response can be 
seen with the salinity front, where there is a rapid change in salinity over a short spatial interval.  In zone A this salinity front  
moves with the saturation front, however in zone C there is a lag between the salinity and saturation front caused by water 
being injected below the oil water contact. A temperature front also moves towards the wellbore, which lags behind the water 
front in all zones due the heat capacity of the reservoir rock. 
The pressure gradient behind the water front gives rise to an EK potential, which is at a maximum at the water front and 
decays slowly ahead of the front (Fig.7a).  Behind the front, a negative potential is generated due to the pressure gradient that 
exists, and reaches a maximum at the injection well.  The magnitude of this maximum is orders of magnitude greater than that 
which occurs at the water front.  This is due to the high saturation at this point in the reservoir and the lower salinity. The EK 
response seen in zones A (Fig. 7a) are characteristic of a water front encroaching directly towards the wellbore.     
The effect of the lag in zone C is that salinity of the water at the front is higher than in the previous zones, with the 
resultant effect that the EK response in zone C is only detectable above background noise, days before breakthrough has 
occurred. Another difference noticed in zone C is that, due to the channel geometry in this zone, the water front encroaches the 
well from the side.  This can be seen in the response of the water saturation plots seen in Fig 8.   
The TE response is generated by a temperature gradient that exists within the reservoir.  The magnitude of the signals 
generated is the largest of all three SP components, due to the relative size of the temperature gradient.  However, and seen in 
Figs 7a and 7b, and as previously mentioned, this gradient lags a considerable distance behind the water front and is not 
detectible until a considerable time after breakthrough has occurred. 
The large gradients seen in Fig 7a, give large value of EC potential behind the saturation front.  In zones A and B this 
allows the water front to be detected 600 days before water break through occurs.  In zone C however, due to the salinity front 
lag, the EC potential is only detectable after water breakthrough as seen in Fig 7b, we also see that this EC signal is orders of 
magnitude smaller that the EC signals obtained in zones A and B.  The total SP signal is dominated by the EC response from 
the reservoir, with its value increasing above the 0.1mV criteria around 600 days before breakthrough occurs in zones A and B, 
and around 10 days before breakthrough has occurred in zone C.  The effect of the salinity front lag is such that the EC 
component of the SP response is only noticeable once water breakthrough has occurred in Zone A. 
Fig. 8 shows the potentials recorded along each zone of the production well. We notice an increase in EK and EC 
potentials as the water front approaches the wellbore, and both signals clearly show that the largest signal is obtained towards 
the bottom of the zone.  This indicates that the water front is closest to the wellbore at the bottom of the zones, which is what 
we would expect to see in a dipped reservoir of this nature.  We also see that the SP response in zone C is still below the 
>0.1mV criteria even after water breakthrough along the entirety of the completion, and we see very little evidence that the 
front is approaching the wellbore.  Again this is due to the lag of the salinity front behind the saturation front.  
In all three zones, the effects of the TE component is negligible up to and at breakthrough, with any variations  caused by 
numerical artefacts in the simulation. 
 
Effect of reservoir brine salinity, production rate and permeability  
The results presented in the previous section show that in this particular reservoir scenario the effects of the EK and TE 
response are negligible compared to that of the EC response, with respect to measuring a water front approaching a production 
well.  Although EK is sizable at breakthrough, it offers very little towards detecting a waterfronts movement towards the 
wellbore. If the concentration front lags behind the water front, the only component of the SP signal that could be de detected 
ahead of the water front is the EK response. Therefore the water front could not be detected before breakthrough.  The required 
reservoir and production characteristics that allow the EK signal to be large enough to be detected ahead of the water front will 
be investigated in this section. 
The magnitude of CEK
 
is affected by two factors, the salinity of the brine and the pressure gradient (Eq. 6).  To compare 
the effect different salinities would have on the EK response, the reservoir brine salinity is varied over a range of 0.44 – 3 
molL
-1
, while the injection brine is kept constant at 0.44 molL
-1
.  We vary the pressure gradient by varying the production rate 
between 1,600-5,600 m
3
/d and the channel axis permeability over a range on 150-600md, while maintaining the same net to 
gross as the base case as well as the same permeability in the channel margins.  From Eq. 1, we can see that for a constant flow 
rate, a decrease in permeability leads to an increase in phase potential, and consequently an increase is EK signal.  Fig. 9a 
shows the SP response in a reservoir of salinity similar to that of the injected brine (0.44molL
-1
).  In this case  the magnitude of 
the signal in zone C at breakthrough is nearly 5 times larger than the base case scenario. As the water front approaches the 
wellbore in zones A and B we get a similar response to that of the base case.  Although there is no longer a salinity contrast, 
there is an increase in magnitude of the EK signal. 
As the salinity of the reservoir brine increases, the magnitude of the EK response in zone C decreases rapidly.  In a 
reservoir of 1.0 molL
-1 
salinity, we are no longer able to detect water encroachment in Zone C, until breakthrough has occurred.   
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Fig 8—Numerical results at 5 different time steps, with respective waterfront location in all 3 zones.  a) Waterfront location at 10 days 
prior to breakthrough in zone C, with simulated SP log. b) Waterfront location at breakthrough in zone C, with simulated SP log. c) 
Waterfront location at 60 days prior to breakthrough in zone A. d) Waterfront location at breakthrough in zone A, with simulated SP log. 
e Waterfront location at 60 days prior to breakthrough in zone B, with simulated SP log. f) Waterfront location at breakthrough in zone 
B, with simulated SP log. Dashed line represents the minimum resolvable potential 
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As we increase the reservoir salinity further we reach a point where we are no longer able to see water breakthrough occur.  In 
fact, at 3.0 molL
-1
, we are only able to see water breakthrough in zone C by way of the SP response, once it has broken through 
in zone A. 
 Fig. 10 shows how the SP signal changes with respect to changes in production rates.  Fig.10a shows the results if we 
decrease the production rate to 1,600 m
3
/d. This has reduced the magnitude of the EK signal, and as we can see at breakthrough 
in zone C, the magnitude of the signal is just about detectable above background noise. As we increase the production rates the 
magnitude of the EK signal also increase.  At a production rate of 5,600 m
3
/d the EK signal is ~0.8mV, nearly four times that 
of the base case.  In this case the total SP response is approaching 0.1mV at 60 days prior to breakthrough.  The remaining 
zones are generally unaffected by the increase in production, due to their SP signal being largely influenced by the EC 
component. 
 
Fig 9—Numerical simulation results from sensitivity analysis on salinity a) SP log at 5 time steps where reservoir salinity is 
0.44molL
-1 
b) SP log at 5 time steps where reservoir salinity is 1.0molL
-1 
c) SP log at 5 time steps where reservoir salinity is 
2.0molL
-1
d) SP log at 5 time steps where reservoir salinity is 3.0molL
-1
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 Lastly, we examine the effects of reservoir permeability on the SP response. Fig 11 shows the results when we vary the 
permeability in the channel axis between 125 – 500md, while maintaining the same net-to-gross as the base case.  In Fig 11a 
we see that at a permeability of 125md we are able to detect the EK response in zone C before the water breakthrough has  
occurred.  As the permeability increases, the magnitude of the EK response diminishes quickly.  At 250md we are no longer 
able to detect the water front in zone C prior or breakthrough.  In the remainder of the zones, we see responses similar to that of 
the base case, due to the main contributing component of the overall SP response being the EC component. 
 
Discussion 
The results obtained using the numerical method described in this paper has shown that water-flooding of a reservoir can lead 
to the generation of significant SP signals.  These signals are generated by charge separation, which occurs in the presence of 
pressure, salinity and/or temperature gradients (Jackson et al. 2012).  These signals may be significant at the water front where 
saturation varies rapidly over a small spatial area. In some cases, these signals can be detected up to 600 days before water   
Fig 10—Numerical simulation results from sensitivity analysis on production rate a) SP log at 5 time steps where reservoir 
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breakthrough occurs. In this scenario the high salinity contrast between the injected brine and the reservoir brine results in the 
EC component being the dominant contributor to the overall SP signal.The results show however, that there are certain 
circumstances that exist that result in the water front being undetectable until after breakthrough has occurred. In scenarios 
where less saline brine is injected directly into the aquifer, the resulting water front is completely dominated by the aquifer 
brine.  This leads to a lag existing between the saturation front and the salinity front, negating the effects of the EC component 
of the overall SP signal.  In this scenario, the EC component is only detectable after breakthrough has occurred. As can be seen 
in Fig 7b, the magnitude of the EC component is an order of magnitude smaller in zone C than in zones A and B.  This is a 
direct result of the salinity front existing at residual oil saturation, and so the reservoir is behaving like an uncharged porous 
media.  Consequently, the magnitude of the SP signal is a function of the mobility of the sodium ions, thus the resultant 
potential is considerably smaller than if the salinity front tracked the saturation front.  In this scenario, the water front would 
Fig 11—Numerical simulation results from sensitivity analysis on production rate a) SP log at 5 time steps with a channel axis 
permeability of 125md b) SP log at 5 time steps with a channel axis permeability of 250md c) SP log at 5 time steps with a channel axis 
permeability of 375md d) SP log at 5 time steps with a channel axis permeability of 500md 
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only be detectable by means of the EK signal, however due to the high salinity of the reservoir brine this signal is not 
detectable until after breakthrough has occurred.  We also see that the TE signals recorded at the wellbore are likely to be too 
small to make any contribution to the SP response until the temperature front reaches the wellbore.  Fig 6b shows that even 
after 2 years production after breakthrough has occurred the temperature front is still undetectable at the wellbore 
From the sensitivity analysis, we see that as the salinity of the reservoir brine decreases, the magnitude of the EK 
component increases and vice versa.  These results are consistent with previously performed work (Saunders et al. 2008; 
Gulamali et al. 2011; Jackson et al. 2012), and is primarily caused by the inverse relationship between brine salinity and the 
thickness of the electrical double layer.  As the brine salinity increases the thickness of the double layer decreases (Gulamali et 
al. 2011). This reduction in electrical double layer thickness reduces the magnitude of the zeta potential and subsequently the 
coupling co-efficient decreases.  Another contributing factor is that as the brine salinity increases its electrical conductivity also 
increases, and so a smaller EK potential is required to balance the drag current induced by flow (Saunders et al.  2008). 
Although the EC coupling co-efficient is also inversely proportional to brine salinity, it is strongly dependent on Cf and so 
large contrasts in salinities result in large EC potentials.  
Changes in production rate and channel axis permeability have the same resultant effect on the hydrodynamic model.  An 
increase in production rate increases the pressure gradient and an increase in permeability decrease the pressure gradient.  We 
see that increases in production rate causes increases in the EK signal.  At 5,600m
3
/d the EK signal is ~0.1mV at 60 days 
before breakthrough occurs in zone C.  Similarly at 150md permeability, we see that the pressure gradients generated mean that 
the EK response is large enough to be detected 60 days before breakthrough occurs.  The channel axis permeability is clearly 
something which we are unable to control, but is a key aspect in determining reservoirs suitability for SP monitoring.  
Production rates on the other hand is something which, to a certain degree, is within our control, and in certain situations could 
provide an increase in EK potential to allow the signal to be detectable before breakthrough occurs. However, the increase in 
production rates required to generate a resolvable EK signal may be greater than what is realistically feasible. 
The results have shown that, by monitoring permanently installed downhole electrodes, it is possible to detect a water 
front approaching the well while it is still tens to hundreds of meters away.  The potentials generated during water flooding are 
sufficiently large enough that they could form the basis of a pro-active inflow control strategy.  Current methods of closed-loop 
feedback control are based around a reactive approach and use water breakthrough as the trigger for any actions to be taken.  
These methods, along with model based control, incorporate a large amount of geological uncertainty into their algorithms, and 
have to take this into account as the aim to optimize production.  By being able to monitor the water front as it moves towards 
a production well, we can severely reduce the impact these uncertainties have on the control method.  Although this study does 
not implement any control strategies, previous studies (Jackson et al. 2005) have shown that in synthetic reservoir models 
sweep efficiency could be increased significantly, especially in reservoirs with impermeable shale barriers between zones.  By 
constantly monitoring the SP signals generated it would be possible to manage production so that water breakthrough could 
occur simultaneously in all completions.  This could have significant financial implication, especially in wells where work 
overs and/or intervention work is costly.   
 Although we concentrate our work around oil production, the advantages this monitoring technique could add to gas 
reservoir management is also significant.  Kharghoria et al. (2002) looked at using resistivity arrays to detect water movement 
towards horizontal gas wells.  Whereas the resistivity array has a depth of investigation of a few meters, the SP measurements 
have depth of investigation in the ranges of hundreds of meters.  In scenarios where water production could potentially ‘kill’ 
the well, prediction of water front location could prove extremely useful.   
 The method proposed in this paper us based around using tools that are currently at the disposal of a practicing reservoir 
engineer to resolver SP signals, i.e. ECLIPSE 100.  Although results are promising, the method still uses a hydrodynamic 
based simulator to solve an electric problem, and so we are constrained by assumptions embedded in the program.  An example 
of this is that there are a limited by the number of wells we are able to place into the reservoir.  This value is in the thousands 
and for a normal reservoir this limit would be vastly greater than the number of wells in the field.  However, when modeling 
SP signals that are generated ideally each cell would have a sink/source term. As the number of grid cells increases the lack of 
data we are able to supply with these wells leads to errors in calculations, and can cause severe instability during the simulation 
run.  To implement this method into a control optimization workflow, the methodology would need to be modified so that we 
could operate outside of this limitation. 
 
Conclusions 
We have investigated SP signals that are generated in a multi-layer sandstone reservoir under water flood.  The results are 
promising and suggest that by using permanently installed downhole electrodes it would be possible to detect a water front 
approaching a production well while the waterfront is still tens to hundreds of meters away.  This differs from most other 
current monitoring techniques, which use resistivity arrays to monitor the reservoir section directly adjacent to the wellbore. If 
the production well is equipped with inflow control devices, the signals generated could be large enough that they could form 
the basis of a pro-active control system.  Such a system could offer enormous economic and environmental benefits, especially 
in fields where work over and/or intervention work is costly. 
  We also see however, that in cases where less saline brine is injected directly into an aquifer where brine salinity is high 
the SP signal may not be detectable until water breakthrough has occurred.  Sensitivity analysis shows that in this case, 
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reservoirs with low permeability being produced at high rates could provide significant increases in EK signals that the water 
front could be detected before breakthrough occurs. 
Although the results are promising, no work was carried out to implement a control strategy and attempt to optimize 
production.  Further work to be carried out would include developing an inflow control strategy which uses SP signals as the 
triggers for control actions to be taken.  For this to be an effective tool, the methodology would need to be modified as so to 
operate outside the assumption and constraints imposed by ECLIPSE i.e. number of wells, which would be necessary for larger 
scale models. 
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Nomenclature 
CEC  Electrochemical coupling coefficient, VM
-1
  Q  Source or Sink of Phase, ms
-1
 
CEK  Electrokinetic coupling coefficient, VPa
-1
  Sor  Residual oil saturation, dimensionless 
Cf  Brine concentration, mol L
-1
  Sw  Water Saturation, dimensionless 
Cr  Relative coupling coefficient, dimensionless  Swirr  Irreducible water saturation, dimensionless 
CTE  Thermoelectric coupling coefficient, VK
-1
  Swn  Normalized water saturation, dimensionless 
g  Gravitational acceleration, ms
-2
  tNA  Hittorf transport number for sodium ions, 
dimensionless j  Charge flux, Am
-2
 
k  Absolute permeability, md  T  Temperature, K 
kw  Relative permeability to water, dimensionless  V  Electric potential, V 
LEC  Electrochemical coupling term, AM
-1
m
-1
  Z  Depth, m 
LEK  Electrokinetic coupling term, APa
-1
m
-1
  µw  Water viscosity  
LTE  Thermoelectric Coupling term, AK
-1
m
-1
  fs  Conductivity of saturated rock, Sm
-1
 
Pw  Water pressure, Pa  w  Conductivity of brine, Sm
-1
 
qw  Flow rate of water, ms
-1
    Porosity, dimensionless 
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APPENDIX A – Critical Literature Review 
 
Paper No. Year Title Authors Contribution 
Trans. Of the 
American inst. Of 
mining. Vol. 192 1-
18 
1951 
“An investigation of the 
electrokinetic component of the 
self-potential curve” 
M.R.J Wylie 
First study to investigate electrokinetic 
phenomena, with respect to SP logs 
SPE 864-G 1958 
“Streaming  otential  and the 
S  Log” 
M. Gondouin, C. Scala 
Paper outlines other SP effect in the 
reservoir besides that of the mud filtrate.  
Mainly, the streaming potential across 
shale layers 
The Log Analyst 14 
(2): 25-32.  
1973 “Relationship of the 
electrochemical potential of 
porous media with hydrocarbon 
saturation.”  
I. Ortiz Jr,  J.S. Osoba,  
W.D. von Gonten,  
Suggest an approach for the understanding 
of electrochemical coupling coefficients 
which has been used in subsequent work. 
SPE 1992-0450 1994 
“Occurrence of Streaming 
Potential Due to Oil Well 
 umping” 
B. Wurmstich , F.D. 
Morgan 
First attempt to quantify the magnitude of 
Streaming Potentials using numerical 
methods, in order to measure fluid flow 
within a porous media 
SPE 38497 1997 
“Overcoming the Challenges 
Associated With the Life-Cycle 
Management of Multilateral 
Wells: Assessing Moves 
Towards the "Intelligent 
Completion” 
C.E. Robison 
This is one of the first papers to discuss 
intelligent wells and highlights the point at 
which the industry was at, at the time 
 
SPE 78278 2002 
“Recovery Increase through 
Water Flooding with Smart 
Well Technology” 
D.R. Brouwer, J.D. 
Jansen, S. van der Starre, 
C.P.J.W. Van Kruijsdijk, 
C.W.J. Berentsen 
One of the first papers to look into control 
method for horizontal wells under 
waterflood. 
SPE 102106 2006 
“Streaming  otential 
Applications in Oil Fields” 
M.Y.Chen, 
B.Raghuraman, I. Byrant, 
M. Supp  
This paper highlights the first field test of 
streaming potential measurement in oil 
fields in both vertical and horizontal 
completions 
Geophysics Vol. 
73, No. 5 (P.E165-
E180) 
2008 
“Fluid flow monitoring in oil 
fields using downhole 
measurements of electrokinetic 
potential” 
J.H. Saunders, M.D. 
Jackson, C.C. Pain 
Suggests a new correlation between 
coupling coefficient and brine salinity 
SPE 119098 2009 
“Closed-Loop Reservoir 
management” 
J.D. Jansen, S.D. Douma, 
D.R. Brouwer, P.M.J Van 
Den Hof, O.H Bosgra, 
A.W. Heemink 
A follow up on Brouwer and Jansens’ 
previous work, to look into the advantages 
of model-based feedback control 
J. Geophy. Res. 
2010JB007593 
2010 
“ easurement of Streaming 
Potential Coupling Coefficient 
in Sandstones and Artificial 
Brines at High salinity” 
J. Vinogradov, M.Z. 
Jaafar, M.D. Jackson 
Paper is one of the first to consider both 
wetting and non-wetting phase, and 
suggests a new correlation between zeta 
potential and salinity with salinities above 
0.1mol/L.  
SPE 120460 2011 
“Laboratory measurements and 
numerical simulation of 
streaming potential for 
downhole monitoring in 
intelligent wells” 
M.D. Jackson, J. 
Vinogradov, J.H. 
Saunders, M.Z. Jaafar 
Uses experimental data to derive a new 
expression for the electrokinetic coupling 
coefficient  
2010GL045726 2011 
“ ultiphase streaming potential 
in sandstones saturated with 
gas/brine and oil/brine during 
drainage and imbibition” 
J. Vinogradov, M.D. 
Jackson 
Highlights the different streaming potential 
characteristics during the drainage and 
imbibition phases. 
 
Geophysics Vol. 
76, No. 4 (P.F283-
F292) 
2011 
“Self-potential anomalies 
induced by water injection into 
hydrocarbon reservoirs” 
M.Y. Gulamali,  E. 
Leinov,  M.D. Jackson 
Shows how the change in salinity contrast 
between brines affects the contributions 
made by Electrokinetic and 
Electrochemical potentials to the overall 
spontaneous potential 
SPE 135146 2012 
“Spontaneous  otentials in 
Hydrocarbon Reservoirs During 
Waterflooding: Application to 
Water-front onitoring” 
M.D. Jackson, M.Y. 
Gulamali, E. Leinov, J. 
Vinogradov 
One of the first times the streaming 
potential I broken down into its constituent 
parts (EK, EC, TC). 
 
SPE 150096 2012 
“Closed-loop feedback control 
for production optimization of 
intelligent wells under 
uncertainty” 
F.A. Dilib, M.D. Jackson 
Highlights the uncertainty surrounding 
model/gradient based optimization, and 
suggests a closed feed-back algorithm that 
can obtain close to optimum solutions 
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Transaction of the American Institute of Mining, Metallurgical & Petroleum Engineers, Vol 19 1-18 (1951) 
 
 “An investigation of the electrokinetic component of the self-potential curve” 
 
Authors: Wylie, M.R.J 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
First study to investigate electrokinetic phenomena, with respect to SP logs 
 
Objective of the paper:  
To present an alternative method for the solution of coupled flow problems that explicitly models both the primary and the 
induced secondary electric potentials 
 
Methodology used:  
Conducted experiments on a range of drilling muds, to determine a relationship between the streaming potential developed 
across a mud filter and the differential pressure causing filtrate flow. 
 
Conclusion reached:  
1. The magnitude of electrochemical potentials are not large enough to fully explain the magnitude of some SP logs 
2. The electrokinetic component of the SP log should be mad as small as possible, and that low resistivity muds should 
be used to this end. 
Comments:  
Although this project does not relate specifically to streaming potentials generated during producyion,  Wylie was the first 
person to really look into streaming potentials, and the subsequent work follows on from his initial research.   
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SPE 864-G (1958) 
 
“Streaming  otential and the S  Log” 
 
Authors: Gondouin, M; Scala, C 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Paper outlines other SP effect in the reservoir besides that of the mud filtrate.  Mainly, the streaming potential across shale 
layers 
 
Objective of the paper:  
This paper sets out to determine whether streaming potentials exist across shale layers, and if they are of sufficient magnitude 
to affect SP logs. 
 
Methodology used:  
1. Uses core sample taken from shale layer to determine possible streaming potentials produced.   
2. Cores are then compared to the streaming potentials generated by various mudcake samples 
 
Conclusion reached:  
1. Streaming potentials across shale layers have been proven in lab and field experiments. 
2. In many instances the electrokinetic response generated are minor 
3. There are instances, due to particular combination of shale, mud and pressure distribution, where the electrokinetic 
respone is not negligible   
 
Comments:  
This paper suggests that the streaming potential within the reservoir could be a function of pressure drop 
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The Log Analyst 14 (2): 25-32 (1973) 
 
“Relationship of the electrochemical potential of porous media with hydrocarbon saturation.” 
 
Authors: Ortiz Jr, I.  Osoba, J.S. von Gonten, W.D. 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Suggest an approach for the understanding of electrochemical coupling coefficients which has been used in subsequent work. 
 
Objective of the paper:  
To measure the electrochemical potential across porous media at various hydrocarbon saturations, and to correlate any 
significant change with hydrocarbon saturation and physical properties of the rocks 
 
Methodology used:  
Uses laboratory work to evaluate the change in electrochemical potential with hydrocarbon saturation 
 
Conclusion reached:  
1. Hydrocarbon saturation supresses the SP 
2. The effective concentration of exchange ions in oil bearing sands is increase by Qv/Sw 
3. As the water saturation in the core is decreased, the actual potential across the sample approaches that of a perfect 
membrane. 
 
Comments:  
The method suggested by Ortiz and co-workers in this basis is the same approach has been used in recent work.  By looking at 
the EC coefficients at the saturation end-points.  
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SEG 1992-0450 (1994)  
 
“Occurrence of Streaming  otential Due to Oil Well  umping” 
 
Authors: Wurmstich, B; Morgan, F.D 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
First attempt to quantify the magnitude of Streaming Potentials using numerical methods, in order to measure fluid flow within 
a porous media 
 
Objective of the paper:  
This paper aims to quantify the magnitude of streaming potentials in a simple finite element model consisting of one producing 
well surrounded by 3 monitoring wells 
 
Methodology used:  
Uses finite element modelling to compute streaming potentials in an oil producing reservoir 
 
Conclusion reached:  
1. Results are limited by poor knowledge of cross-coupling properties 
2. In monitoring well situated further away from the production well (1,000m), the observed streaming potential signal is 
very low (~0.02mV) 
3. In monitoring wells closer to the producing well (100m), potentials of up to 4mV can be observed. 
4. These potentials may be too low to be measured 
 
Comments:  
Wumstich and Morgan suggest that the voltages produced during oil production may be too small to be measured due to their 
D.C nature.  They suggest that water injection will generate an A.C signal which may be easier to detect. They used very low 
production rates, which would limit the magnitude of the EK response. 
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SPE 38497 (1997)  
 
“Overcoming the Challenges Associated With the Life-Cycle Management of Multilateral Wells: Assessing Moves Towards 
the "Intelligent Completion” 
 
Authors: Robison, C.E 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
This is one of the first papers to discuss intelligent wells and highlights the point at which the industry was at  
 
Objective of the paper:  
This paper discusses the impact of intelligent wells on the industry with respect to well design, application of technology, risk 
factor, economics, etc 
 
Methodology used:  
No real methodology, the paper is a summary of the current position within the industry and where the author believe advances 
need to be made in order to make intelligent wells economically viable 
 
Conclusion reached:  
1. Intelligent well technology can allow assets to be managed more efficiently 
2. There are still challenge to be overcome ie. down hole flow rate and constituents 
 
Comments:  
Deals mainly with downhole pressure and temperature measurement in multilateral wells. 
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98GL01102 (1998) 
 
“A method for measuring electrokinetic coefficients of porous media and its potential application in hydrocarbon exploration” 
 
Authors: Jiang, Y.G; Shan, F.K; Jin, H.M; Zhou, L.W 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
One of the first papers to measure the electrokinetic coefficient under hydrocarbon saturated conditions 
 
Objective of the paper:  
1. Measure the electrokinetic coefficient of a core saturated with hydrocarbons 
2. Compare electrokinetic coefficient and streaming potential between a core saturated with hydrocarbons and a core 
saturated with brine 
 
Methodology used:  
Experimental work measuring potentials generated in a saturated sand column 
 
Conclusion reached:  
1. The electrokinetic coefficient of the brine saturated core found to be three orders of magnitude greater than the 
hydrocarbon saturated core 
2. The streaming potential found to be the reverse 
 
Comments:  
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SPE 68979 (2001) 
 
“Recovery Increase Through Waterflooding With Smart Well Technology” 
 
Authors: Brouwer, D.R; Jansen, J.D; Van Der Starre, S; Van Kruijsdijk, C.P.J.W; Berentsen, C.W.J 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
One of the first papers to look into control method for horizontal wells under waterflood 
 
Objective of the paper:  
To optimize recovery of a field consisting of one injector and one producer using optimization algorithms 
 
Methodology used:  
Uses a range of algorithms based on optimized injection and production rates, to optimize ICV positions in attempt to increase 
recovery for a range of heterogeneities  
 
Conclusion reached:  
1. In a large number of cases overall recovery was increased (0-20%) 
2. In nearly all the cases water breakthrough was delayed 
3. Optimal flow profile vary with heterogeneity 
 
Comments:  
Only compares algorithms, does not compare these results to the optimum that could me generated from model based 
optimization   
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Journal of Geophysical Research, VOL 108 (2003) 
 
“Streaming potential of a sand column in partial saturation conditions” 
 
Authors: Guichet, X; Jouniaux, L; Pozzi, J.P 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
The first time measurement of streaming potentials have been measured in an attempt to determine how they are effected by 
partial saturation 
 
Objective of the paper:  
To determine the relationship between streaming potentials and water saturation in a column of sand under two-phase flow 
conditions 
 
Methodology used:  
Experimental using a sand column saturated with de-ionised water, which is then displaced with gas (Argon, Nitrogen).  
Measurement of electrical potentials are taken across the column until the steady state flow is reached. 
 
Conclusion reached:  
1. Electrokinetic coupling coefficient does not increase with decreasing water saturation 
2. Electrokinetic coupling coefficient either remains constant or decreases by a factor of ~3, with decreasing water 
saturation 
 
Comments:  
Experiment uses sand column as opposed to an actual core sample 
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SPE 77522 (2004) 
 
“Real-Time Monitoring and Control of Water Influx to Horizontal Well Using Advanced Completion Equipped With 
 ermanent Sensors” 
 
Authors: Bryant, I.D; Chen, M.Y; Raghuramam, B; chroeder, R; Supp, M; Navarro, J; Raw, I; Smith, J; Scaggs, M 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Not much technical content, more details of the practical aspects of intelligent wells.  No control methods were used.   
 
Objective of the paper:  
To report a field test that establishes the feasibility of intelligently operating horizontal sand-control completions by combining 
real-time monitoring with downhole-inflow control. 
 
Methodology used:  
1. Details the methods used for drilling and deployment of the completion. 
2. Details the results from the monitoring devices 
 
Conclusion reached:  
1. Possible to detect water movement towards the wellbore using resistivity arrays 
2. Information from resistivity arrays can be used to modify inflow with infinitely adjustable electrical vales. 
 
Comments:  
Doesn’t provide any real technical content, more a diary of what work was done and what was noticed. The paper does confirm 
the noise level found in resistivity arrays at 0.1mV   
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SPE 97063 (2005) 
 
“Development and application of new downhole technology to detect water encroachment toward intelligent wells” 
 
Authors: Jackson, M.D; Saunders, J.H; Addiego-Guevara, E.A 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
One of the first to mention the possibility of using streaming potential monitoring with a control system to optimise recovery. 
 
Objective of the paper:  
To determine the how electrokinetic potential varies with water saturation, brine salinity and other key reservoir parameters 
 
Methodology used:  
Conducts lab experiments to determine coupling coefficients for different rock type and salinities, and uses this data to run 
numerical models, with an aim to predict streaming potentials at a production well.  Production control are then added to this 
model, in an attempt to optimize production based on the SP response 
 
Conclusion reached:  
1. Water encroachment toward a production well causes a change in electro kinetic potential. 
2. It is possible to detect the water front 10s-100s m away from the production well 
 
Comments:  
Uses quite a simple control method i.e. once a streaming potential is noticed, close ICV.  Interesting sensitivity analysis into 
communication between layers.  Interesting discussion around impact on the industry.  
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2006GL026835 (2005) 
 
“A new numerical model of electrokinetic potential response during hydrocarbon recovery” 
 
Authors: Saunders, J.H; Jackson, M.D; Pain, C.C 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Results showed that measured streaming potentials may be larger than that predicted in low salinity reservoirs 
 
Objective of the paper:  
Generate a formulation for predicting streaming potentials in 2-phase flow. 
 
Methodology used:  
Generates a formulation for predicting streaming potential in two-phase flow, and then uses this in a numerical simulation 
model to generate potentials 
 
Conclusion reached:  
1. Large potentials could be measured at a production well as water encroaches upon the well 
2. Suggested investigation into  monitoring of low salinity reservoirs 
 
Comments:  
Although the paper shows good results, it highlights the uncertainty that surround the electrokinetic coupling co-efficient. 
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SPE-102106 (2006)  
 
“Streaming Potential Applications in Oil Fields” 
 
Authors: Chen, M.Y; Raghuraman, B; Byrant, I; Supp, M 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
This paper highlights the first field test of streaming potential measurement in oil fields in both vertical and horizontal 
completions 
 
Objective of the paper:  
To identify the applicability and reliability of streaming potential monitoring during pressure transients, with respect to 
distributed characterization of matrix permeability and effective fracture transmissibility  
 
Methodology used:  
Compares acquired streamlining potential data from a fractured reservoir and compares it to that of a numerical model 
 
Conclusion reached:  
1. It is possible to measure pressure induced streaming potentials in well 
2. The method offers spatial resolution not attainable from pressure transient measurements 
3. Using the measurements it is possible to distinguish between matrix and fracture flow 
 
Comments:  
The paper shows that it is possible to resolve the SP response above background noise, which has a maximum pike at 0.1 
millivolt.  These measurements were taken using resistivity arrays, as opposed to array specifically set-up for SP 
measurements. No data available on type or manufacturer of the array 
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Geophysics Vol. 73, No. 5 (P.E165-E180) (2008) 
 
“Fluid flow monitoring in oil fields using downhole measurements of electrokinetic potential” 
 
Authors: Saunders, J.H; Jackson, M.D; Pain, C.C 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Suggests a new correlation between coupling coefficient and brine salinity 
 
Objective of the paper:  
1. Present measured value of streaming potential coupling coefficients in intact sandstone core with varying mineralogy 
and texture with both natural and artificial brines, at salinities up to 5.5M 
2. Clearly explain the experimental methodology required to acquire streaming potentials of very small magnitude in 
natural porous media 
 
Methodology used:  
Uses the experimental method described by Jaafar et al. (2009) to measure the streaming potential coupling coefficient of 
sandstone core samples with varying salinities of brine 
 
Conclusion reached:  
1. Teaming potentials observed in saline environments may be larger than previously expected 
2. Zeta potential may become independent of salinity when the diffuse layer thickness layer is similar to the diameter of 
the hydrated counter ion. 
 
Comments:  
Paper has some very useful sensitivity analyses that help the understanding of elecrokinetic phenomena   
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SPE 119098 (2009) 
 
“Closed-Loop Reservoir anagement” 
 
Authors: Jansen, J.D; Douma, S.D; D.R. Brouwer, D.R; Van Den Hof, P.M.J; Bosgra, O.H; Heemink, A.W 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
A follow up on Brouwer and Jansens’ previous work, to look into the advantages of model-based feedback control 
 
Objective of the paper:  
To confirm the hypothesis “It will be possible to significantly increase life-cycle value by changing reservoir management 
from a batch-type to a near-continuous model-based controlled activity” 
 
Methodology used:  
Performs waterflooding optimization using computer aided history matching in an attempt to increase field production over the 
lifecycle of the field (Years-10s of Year) 
 
Conclusion reached:  
1. Closed loop management was able to increase NPV by 6.5-8.7%, compared to that of a reactive case 
2. Open loop management was able to increase NPV 8.8% 
3. Optimal production/injection rates are often too irregular to be practically applicable 
 
Comments:  
Was a very small study, so the statistics of the results are not very useful  
  
  
Application of Spontaneous Potential Monitoring for Inflow Control in Intelligent Wells              33 
 
Journal of Geophysical Research, 2010JB0075 (2010) 
 
“ easurement of Streaming  otential Coupling Coefficient in Sandstones and Artificial Brines at High salinity” 
 
Authors: Vinogradov, J; Jaafar, M.Z;  Jackson, M.D  
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Paper is one of the first to consider both wetting and non-wetting phase, and suggests a new correlation between zeta potential 
and salinity with salinities above 0.1mol/L.  
 
Objective of the paper:  
To better understand the nature of the streaming potential that arises when water displaces oil and how this affects 
measurements made at a producing well 
 
Methodology used:  
Uses 3D modelling to demonstrate the different sources of streaming potentials, and runs sensitivity analysis to investigate the 
impact these have 
 
Conclusion reached:  
Streaming potential signal originates at the water front and decays with distance.  Variations in geometry of the encroaching 
water front could be characterized using an array of electrodes.  The streaming potential measured at the production well can 
be maximized in low-permeability reservoir produced at a high rate and in thick reservoir with a low hale content 
 
Comments:  
Assumes no electrical double layer at the brine/oil interface.  Largest area of uncertainty is around Streaming potential 
coefficient, salinity relationship can have a large effect on EK  
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SPE-120460-PA (2011)  
 
“Laboratory easurements and Numerical odelling of Streaming  otential for Downhole onitoring in Intelligent Wells” 
 
Authors: Jackson, M.D; Vinogradov, J; Saunders, J.H; Jaafar, M.Z  
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Paper presents the first measured value of streaming potential coupling coefficient in sandstones saturated with natural and 
artificial brines relevant to oilfield conditions at higher-than-seawater concentrations 
 
Objective of the paper:  
1. To investigate the effect of brine composition and sandstone texture on the streaming potential coupling effect 
2. Application of these experimental result to a numerical model to predict a streaming potential  signal that would be 
measured in a producing well 
 
Methodology used:  
1. Uses the experimental method described by Jaafar et al.  (2009) to measure the streaming potential coupling 
coefficient of sandstone core samples. 
2. Applies the measured coupling coefficient to the numerical model used by Saunders et al (2006, 2008) and Wurmstich 
and Morgan (1994) 
 
Conclusion reached:  
1. The magnitude of the coupling coefficient on quartz rich sandstone is independent of brine composition and sandstone 
mineralogy as long as the surface electrical conductivity is negligible.  
2. The measured streaming potential should be resolvable above background noise 
3. Water encroachment could be predicted while the shock front is till tens to hundreds of meters away. 
4. It is possible to model the coupling coefficient, salinity relationship using the equation:- 
         
        
 
Comments:  
This paper builds on the previous work done by Saunders et al and Wurmstich and Morgan.  Where pervious work suggests 
that the signals generated may not be able to be resolved above the background noise, this paper suggests that the signal can 
indeed be resolved above background noise. The paper proposes an electrokinetic coupling coefficient that will be used in this 
study. 
  
  
Application of Spontaneous Potential Monitoring for Inflow Control in Intelligent Wells              35 
 
Geophysics, Vol. 76, No. 4 (P.F283-F292) (2011) 
 
“Self-potential anomalies induced by water injection into hydrocarbon reservoirs” 
 
Authors: Gulamali, M.Y; Leinov, Jackson, M.D 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Shows how the change in salinity contrast between brines affects the contributions made by electrokinetic and Electrochemical 
potentials to the overall spontaneous potential 
 
Objective of the paper:  
Use numerical simulation to compare the relative contributions of electrokinetic, electrochemical and thermoelectric potentials 
to the spontaneous potential generated in a hydrocarbon reservoir during production 
 
Methodology used:  
Use a hydrodynamic model generated in eclipse couples with an electrodynamic model to model streaming potentials.  Then 
the model is run for different salinity Sw relationships.  
 
Conclusion reached:  
For high salinity contrasts, electrochemical potentials can contribute up to 60% of the total spontaneous potential 
Thermoelectric contributions are negligible up until breakthrough. 
 
Comments: 
Few data for Thermoelectric and electrochemical coupling coefficients, linear relationship assumed.  The methodology shows a 
step by step guide on how to calculate coupling co-efficients and electrical conductivities, which forms the basis of this 
projects workflow  
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Journal of Geophysical Research, VOL 38, 2010GL045726 (2011) 
 
“ ultiphase streaming potential in sandstones saturated with gas/brine and oil/brine during drainage and imbibition” 
 
Authors: Vinogradov, J; Jackson, M.D 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Highlights the different streaming potential characteristics during the drainage and imbibition phases. 
 
Objective of the paper:  
To present the first comparison of multi-phase streaming potential in initially-brine saturated sandstone cores, during drainage 
and then imbibition 
 
Methodology used:  
Uses modified experimental apparatus from that used by Jaafar (2009), to determine the streaming potential of a sandstone core 
sample under drainage and imbibition conditions 
 
Conclusion reached:  
During the drainage phase the streaming potentials are greater than zero at connate water saturation 
During the imbibition phase 
 
 
Comments:  
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SPE-135146-PA (2012)  
“Spontaneous  otentials in Hydrocarbon Reservoirs During Waterflooding: Application to Water-Front onitoring” 
 
Authors: Jackson, M.D; Gulamali, M.Y; Leinov, E; Saunders, J.H; Vinogradov, J 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Breaks down the streaming potential measured at the wellbore into it three constituent parts; Electrokinetic, Electrochemical 
and Thermoelectric, and quantifies their contribution under a number of reservoir conditions 
 
Objective of the paper:  
1. Quantify the commonly neglected component of streaming potential i.e. electrochemical and thermoelectric potential 
2. Determine under which conditions the streaming potential will be large enough to be detected at a production well 
3. Whether the measurements at the producing well will provide useful information to monitor water fronts’ moving 
near the wellbore 
 
Methodology used:  
The study use the same model used by Saunders et al (2006, 2008) and Wurmstich and Morgan (1994), and studies the effects 
of changes in production rate, salinity and temperature on Electrokinetic, Electrochemical and Thermoelectric potentials 
 
Conclusion reached:  
1. Before breakthrough the streaming potential signal I dominated by Electrokinetic and Electrochemical components 
2. The reservoir and production characteristics determine which of these components is dominant 
3. Thermoelectric potential only becomes relevant after water breakthrough 
 
Comments:  
The paper highlights the main uncertainty surrounding the measurements is the noise level associated with the downhole 
electrodes used to acquire data.  To date only Chen et al (2006) have reported streaming potential measurements during 
production 
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SPE 150096 (2012) 
 
“Closed-loop feedback control for production optimization of intelligent wells under uncertainty” 
 
Authors: Dilib, F.A; Jackson, M.D 
 
Contribution to the understanding for the use Spontaneous Potential in feed-back control: 
Highlights the uncertainty surrounding model/gradient based optimization, and suggests a closed feed-back algorithm that can 
obtain close to optimum solutions 
 
Objective of the paper:  
Compare results of a closed-loop feedback control method to that of model based control systems 
 
Methodology used:  
Uses eclipse models to compare various methods of control (FCV, On/Off ICV, Variable ICV) to results from optimized model 
based control. 
 
Conclusion reached:  
1. Results suggest that closed loop control based systems based on feedback between monitoring and inflow valve 
settings can yield close to optimal gains in NPV. 
2. Closed loop control based systems can mitigate uncertain reservoir behaviour, even when it lies outside the range of 
model predictions 
 
Comments:  
A good paper to get an understanding of control systems for intelligent wells.  
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APPENDIX B – Benchmark tests of the SP solver 
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Benchmark tests were carried out against the methodology of two previous studies, Gulaimali et al.  2011, and 
Jackson et al.  2012. 
Both studies are based on the Wurmstich and Morgan (1994) model (fig A-1). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We follow the same methodology described in the paper.  We find the EK results consistent with previous papers 
results.  The EC results however, differ to that proposed by Jackson et al (2012).  Using the method used in this 
paper we find that a negative response occurs ahead of the water front, this is consistent with the results 
proposed by Gulamali et al (2011).  This is thought to be due to small variations in the hydrodynamic model with 
respect to the lag of the salinity front behind the saturation front.  We also see that the magnitude of Jackson et 
al. (2012) is an order of magnitude greater than that of our results. However, the magnitude reported in Jackson 
et al.(2012). is of the same magnitude as Gulamali et al. (2011), although the reservoir brine salinity used in  
Fig A-1 - (a) The reservoir layer consists of a 1150 x 500 x 100-m sandstone reservoir bounded on three of its four vertical sides by 
50-m-wide shales with a relatively higher porosity and lower permeability.  The forth side is bounded by 800m of sandstone with 
the  same material properties as the reservoir and the same fluid saturation as the inlet boundary.  Brine is injected at this 
boundary, and oil is produced at the production well. (b) Vertical cross section through our entire geological model, based on 
Saunders et al.  (2008).  The reservoir layer lies between 500 and 600m depth between two impermeable shale layers.  The location 
of the production well is indicated by the dotted vertical line.  The injection boundary is marked by the dashed vertical line. (c) A 3D 
finite-element representation of our geological model.  The computational domain is refined in the reservoir layer, particularly 
around the well. 
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Fig A-2- Numerical results using the methodology described in this paper (a) Panels show (from top to bottom) brine saturation, 
water potential, temperature, salinity, and EK, TE and EC potential, as a function of distance from production well along a 1-D 
profile through the center of the reservoir interval . (b) Panels show (from top to bottom) brine saturation, water potential, 
temperature, salinity, and EK, TE and EC potential, as a function of time to breakthrough at the production well 
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Gulamali et al. (2011) is 5 times larger than that used in Jackson et al. (2012). Again this result could be due to the 
slight differences is the hydrodynamic model regarding the salinity gradients. 
 The TE response is found to be consistent with both sets of results. 
 
Fig A-3- Numerical results using the methodology described in Gulamali et al.  2011 (a) Panels show (from top to bottom) brine 
saturation, water potential, temperature, salinity, and EK, TE and EC potential, as a function of distance from production well 
along a 1-D profile through the center of the reservoir interval . (b) Panels show (from top to bottom) brine saturation, water 
potential, temperature, salinity, and EK, TE and EC potential, as a function of time to breakthrough at the production well 
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Fig A-4 - Numerical results using the methodology described in Jackson et al.  2012 (a) Panels show (from top to bottom) brine 
saturation, water potential, temperature, salinity, and EK, TE and EC potential, as a function of distance from production well along a 
1-D profile through the center of the reservoir interval . (b) Panels show (from top to bottom) brine saturation, water potential, 
temperature, salinity, and EK, TE and EC potential, as a function of time to breakthrough at the production well 
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APPENDIX C – Full SP results from BP model 
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Fig A-5—Numerical results from zone A. (a) Panels show (from top to bottom) brine saturation, water potential, 
temperature, salinity, and EK, TE and EC potential, as a function of distance from production well along a 1-D profile 
through the center of zone A. (b) Panels show (from top to bottom) brine saturation, water potential, temperature, 
salinity, and EK, TE and EC potential, as a function of time to breakthrough at the production well 
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Fig A-6—Numerical results from zone B. (a) Panels show (from top to bottom) brine saturation, water potential, temperature, 
salinity, and EK, TE and EC potential, as a function of distance from production well along a 1-D profile through the center of 
zone A. (b) Panels show (from top to bottom) brine saturation, water potential, temperature, salinity, and EK, TE and EC 
potential, as a function of time to breakthrough at the production well 
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Fig A-7—Numerical results from zone C. (a) Panels show (from top to bottom) brine saturation, water potential, 
temperature, salinity, and EK, TE and EC potential, as a function of distance from production well along a 1-D profile 
through the center of zone A. (b) Panels show (from top to bottom) brine saturation, water potential, temperature, salinity, 
and EK, TE and EC potential, as a function of time to breakthrough at the production well 
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Fig A-8—Numerical simulation results from sensitivity analysis on salinity a) SP log at 5 time steps where reservoir salinity is 
0.44molL
-1 
b) SP log at 5 time steps where reservoir salinity is 1.0molL
-1 
c) SP log at 5 time steps where reservoir salinity is 
2.0molL
-1
d) SP log at 5 time steps where reservoir salinity is 3.0molL
-1
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Fig A-9—Numerical results at 5 different time steps, with respective waterfront location in all 3 zones.  Reservoir brine salinity – 0.44mil L
-1
  
a) Waterfront location after 810 days production, with simulated SP log. b) Waterfront location after 870 days production, with simulated SP 
log. c) Waterfront location after 1,230 days production, with simulated SP log. d) Waterfront location after 1,290 days production, with 
simulated SP log. e) Waterfront location after 1,560 days production, with simulated SP log. f) Waterfront location after 1,620 days 
production, with simulated SP log. e) Waterfront location after 1,620 days production, with simulated SP log. Dashed line represents the 
minimum resolvable potential 
  
Application of Spontaneous Potential Monitoring for Inflow Control in Intelligent Wells              50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig A-10—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Reservoir brine salinity – 
1.0mol L
-1
 a) Water front location after 810 days production, with simulated SP log. b) Water front location after 870 days production, 
with simulated SP log. c) Water front location after 1,230 days production, with simulated SP log. d) Water front location after 1,290 
days production, with simulated SP log. e) Water front location after 1,560 days production, with simulated SP log. f) Water front 
location after 1,620 days production, with simulated SP log 
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Fig A-11—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Reservoir 
brine salinity – 2.0mol L
-1
 a) Water front location after 810 days production, with simulated SP log. b) Water front 
location after 870 days production, with simulated SP log. c) Water front location after 1,230 days production, with 
simulated SP log. d) Water front location after 1,290 days production, with simulated SP log. e) Water front location 
after 1,560 days production, with simulated SP log. f) Water front location after 1,620 days production, with simulated 
SP log. 
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Fig A-12—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Reservoir brine salinity – 
3.0mol L
-1
 a) Water front location after 810 days production, with simulated SP log. b) Water front location after 870 days production, 
with simulated SP log. c) Water front location after 1,230 days production, with simulated SP log. d) Water front location after 1,290 
days production, with simulated SP log. e) Water front location after 1,560 days production, with simulated SP log. f) Water front 
location after 1,620 days production, with simulated SP log. 
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Fig A-13—Numerical simulation results from sensitivity analysis on salinity a) SP log at 5 time steps where channel axis permeability 
is 125 md
 
b) SP log at 5 time steps where channel axis permeability is 250 md
 
c) SP log at 5 time steps where channel axis 
permeability is 375 md
 
d) SP log at 5 time steps where channel axis permeability is 500 md 
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Fig A-14—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Channel axis permeability – 
125 md a) Water front location after 960 days production, with simulated SP log. b) Water front location after 1,020 days production, 
with simulated SP log. c) Water front location after 3,420 days production, with simulated SP log. d) Water front location after 3,780 
days production, with simulated SP log. e) Water front location after 3,840 days production, with simulated SP log. f) Water front 
location after 1,620 days production, with simulated SP log.  
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Fig A-15—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Channel axis permeability – 
250 md a) Water front location after 810 days production, with simulated SP log. b) Water front location after 870 days production, 
with simulated SP log. c) Water front location after 1,710 days production, with simulated SP log. d) Water front location after 1,770 
days production, with simulated SP log. e) Water front location after 2,040days production, with simulated SP log. f) Water front 
location after 2,100 days production, with simulated SP log.  
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Fig A-16—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Channel axis permeability – 
375 md a) Water front location after 780 days production, with simulated SP log. b) Water front location after 840 days production, 
with simulated SP log. c) Water front location after 1,290 days production, with simulated SP log. d) Water front location after 1,350 
days production, with simulated SP log. e) Water front location after 1,560days production, with simulated SP log. f) Water front 
location after 1,620 days production, with simulated SP log.  
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Fig A-17—Numerical results at 5 different time steps, with respective water front location in all 3 zones.  Channel axis permeability – 
500 md a) Water front location after 810 days production, with simulated SP log. b) Water front location after 870 days production, 
with simulated SP log. c) Water front location after 1,320 days production, with simulated SP log. d) Water front location after 1,380 
days production, with simulated SP log. e) Water front location after 1,560days production, with simulated SP log. f) Water front 
location after 1,620 days production, with simulated SP log. 
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Fig A-18—Numerical simulation results from sensitivity analysis on salinity a) SP log at 5 time steps where production rate is 1,600 
m
3
/d 
 
b) SP log at 5 time steps where production rate is 3,600 m
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Fig A-19—Numerical results at 5 different time steps, with respective water front location in all 3 zones. Production rate is 1,600 m
3
/d 
a) Water front location after 2,040 days production, with simulated SP log. b) Water front location after 2,100 days production, with 
simulated SP log. c) Water front location after 3,660 days production, with simulated SP log. d) Water front location after 3,720 days 
production, with simulated SP log. e) Water front location after 4,320 days production, with simulated SP log. f) Water front location 
after 4,380 days production, with simulated SP log. 
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Fig A-20—Numerical results at 5 different time steps, with respective water front location in all 3 zones. Production rate is 3,600 m
3
/d 
a) Water front location after 690 days production, with simulated SP log. b) Water front location after 750 days production, with 
simulated SP log. c) Water front location after 1,410 days production, with simulated SP log. d) Water front location after 1,470 days 
production, with simulated SP log. e) Water front location after 1,680 days production, with simulated SP log. f) Water front location 
after 1,740 days production, with simulated SP log.  
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Fig A-21—Numerical results at 5 different time steps, with respective water front location in all 3 zones. Production rate is 4,600 m
3
/d 
a) Water front location after 510 days production, with simulated SP log. b) Water front location after 570 days production, with 
simulated SP log. c) Water front location after 810 days production, with simulated SP log. d) Water front location after 870 days 
production, with simulated SP log. e) Water front location after 1,020 days production, with simulated SP log. f) Water front location 
after 1,080 days production, with simulated SP log. 
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Fig A-22—Numerical results at 5 different time steps, with respective water front location in all 3 zones. Production rate is 5,600 m
3
/d 
a) Water front location after 420 days production, with simulated SP log. b) Water front location after 480 days production, with 
simulated SP log. c) Water front location after 810 days production, with simulated SP log. d) Water front location after 870 days 
production, with simulated SP log. e) Water front location after 900 days production, with simulated SP log. f) Water front location 
after 960 days production, with simulated SP log. 
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